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_T_,OT 0T MAC_ I_,_:_ 0_ T_ FAXIM_ L_IT AND

NOR_ _ICA_ P-SD AZP_LAN_

_y ,?'ohn P. Mayer

Fli_t testa were oonductel on a North American P-51D airplane

to establish the maximum lift coefficient and the buffetin_ bounlary

llne am a function of Mach nun_e_-. Abrupt stslle were made at Math
numbers from 0.21 to 0,6] and gradual stalls were made at Math numbers
from 0.1_1 to 0.65. The buffeting boundary we8 £eterminei in abrupt

_ull-upa thrcu@h a Math number rar_e from 0.21 to 0.80.

The resul_s indicate that the maximum lift coefficient and the

buffeting boundary line as eata_lleheA in abrupt pull-ups were very

much affec_et _yMach number ar_ that Reynolda number had no apparent
effect on maximum lift coefficient in abrupt pull-u_s within the

limlto of the test data.

U_ _o a Mach number of 0._ the Suffering bo_ _ae defined

by the ac%ual limit_axi_m llft coefficient attainable with the

P-51D airplane in abrupt pull-ups. Above a Math number ef 0.6_ the

bulletin8 boundary &rOppe_ Iha.rp!7 8.,,._ -,me _elow the actual maximum

llf_ coefficient of theairplame.

A comparison between the buffetin_ boundary found in the fll@ht
test8 and a oalculate_ing bulletin8 _oundary 8howe 8oo_a_reement

uy to a Math number of 0._2 with a lesser degree of a_z'ee_nt at
hi_herMach numbers.

The gradual etallo of the airplane in_icatel that the mexizmm

lift coefficient _| affected _ Mach number in a manner Jimilar to
_hat for the abrupt etall_,

• -- -- II __ _J.... II _ I ....... i
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Altho_gh there is considerable wind-tunnel material available

on the variation of the maximum lift coefficient with such factors

as Reynolds number and airfoil shape, there is less 3mown about the

effects of either Mach number or rate of chanhe of angie of attack

on maximum lift coefficient, both of which are becking increasingly

important. Also, the occurrence of buffetin_ at hlgh Mach numSars •
anl lift coefficients lover _han the maxim_ lift coefficient has

imposel an effective limit in lift on the alr_lane beyonf which

pilots have sel&_a venturel. Relative!_ few late exist _ this

latter phase of the problem and little Is known conce_nln_ the

predicti_ of this limit.

In the co_rme of a hiKh-s_ee_ ilve teet progrsm on a P-51D air-

plane at Langley Memorial Aeronautical Laboratory of the National

_visory Cummittee for Aeronautics at Langley Field, Virglnia, some

data on the variation of maximum lift coefficient anl buffetln$

lift coefficient with Mach nu=_er were obtainai. _is report

presents the results of these tests. The true maximum llft

coefficients were measures in ab2-_pt ana gradual stalls u_ to •

Mach number of 0.63, whereas the buffetlnsboun_ary was establishe_
up to a Mach number of 0.80.

The present results exten_ the available flight data on abrupt

mtall_ of airplanes.wlth low _ra6 wings (results of Ames 5aboratory
tests of the Bell P 63A-6 alr_lane) fram a Mach number of 0._4 to 0.63.

Although the tests of _e P-51D airplane lid not exteni the Maoh

number range of other investigations vlth re_ard to the buffeting

boundary (references 1 and _), the instrumentation of the air;lane

v_s such that the buffetin_ boundary couli be _uite accurately

_etermine_. In addition, since tail load8 were measurel on the

P-51D airplane, win_ lift coefficients as well as ai_lane lift
ccefficientl were evaluated.

APPARATUS

Description of _ir_lane

The air, lane use_ in the tests was a North American P'51D,
rsinforce_ structurally to vlthstan_ the hIsh loess er_ected _n

a high-speed &ive l_rohr_m in pro_ess at L_ey Laboratory.
Figure 1 shove a si_e view of the ai_lane uses in the flight
tests.
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The 8enez_l epeclf_oatlo_ of _h_ alz_ic4_e ae flo_mare aa
follovi:

Airplane • . . , , , , , • . • , , ...... North American P-51D
A.-W Air ¥oraes _;o. _J;-13_ST

_r_Ine . . . . . . , . .... . . . . . Packar_ %uilt IRollm Royce
V-1650-7 12 cylinder

Prop_11er . . . . . . , .... . .... . . . . ikndltonStar_ard
4-bla_e h_Iromtlc

Diameter, feet , . , . , . 11,17

Wei6ht at take off, _,oulnil . , , , , . . . . . . 8B_O

percent M.A.C .... , . , , . . . , . . . , . , • , , , • 2_}.1

Wing:
Span, feet . . . . ..... . ..... , . .... . . . , 37.03

. , , , . , . . . , . _0.I

Area,.q refeet " '

Sweepback _leadil1_ e_se,, desree, i : i : i_, :A_! _ 3'

_orAzontal tail:

Area, l_re feet , , . . , . . . , . . , . . . , . . , . . 28.0

XnciCence, degreel . .... . . . , , . . , . . . , , , , . 1

Inltrumen_atl on

Airapeel, pressure altitule, and airplane normal accelerat_
vere measured al funot_one of time vlth itandardNAOA recording

ln|trument|. The tail normal acoeleration_l meuured with a
8tathamaccelerometer in conneo_lon vi_h a Miller 15.element

recording oecillogra_h. L_a_e on the _ing_m_ tail wre fouMb7

using mtraln-se_e mea|ure=enta recorded on the M_ller osoillograph.

The airepeed heai_| moun_el one boom extenllng I._ looal

chord len_the ahea_ of the !eailr_edse of the wing and looated near

the rich% w_n_ tip of the a_r_la_e, The a_speed-alt_tuae reoorder

_ae locatel in the ri6ht win8 |o al to _Inlmlze la_ effecte. Thls

airspeed eyetem _ae calibratel for _o_ition error_ due to lift

coefficient and Maoh number effects, up to a Mach number of 0.78.

The Itrain-_age Inetallatlon on the air_lane ,wae calibrated

periodically by a_plylng known loai_ to the vlng and _II of the

airplane,

oe__
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I_.TGET,_TESTPROCEDDI_E

All fli@ht tests were male with the ai_lane in the clean

co_ition an_ wi_ power on.

A%rupt stalls yore made at pressure altitules of I0,000,

20,000, anl 30,000 f_et at Math numbers f_'o= 0.21 to 0.63. In
these stalls the airplane _s pullel u_ as abruptly as _ossi_le,

the degree of ab;m_tness depending upon the inertia, control power,
an_ stability of the airplor_ as flown. A series of 8radual stalls

vae also made in turns at 30,O00-foot-_ressurs altitude at Mach
numbers from 0.41 to 0.65.

In the pull-ups wlthin the Mach number fanes from 0.6M

to 0.80, maximum llft coefficients were not roac_ed %ecause of
buffeting. In this range the airplane _s _ullel through the

%uffe$in_bou_ary until the vlbr_tion of the airplane became

objectionable to thepilot at which point recovery from the
_ull-up _e made _n_ _uffeting sto_pe_ The pull-ups through _he

buffe_Ing boundary were made somewhat more slowly than the low-

epee_pull-upe.

METHOD

In order to illustrate the definitions anlmethodJ employel

in evaluatin_ results_ three typical load-factor tims-h_story
ilagrama obtainel in abrupt pull-ups are shown in figure _. Point A

in each of _he diagrams re_resente the point where buffeting

started; _, the point of peak mean load factor_ and _, the _oint
where buffetln_ stoppel. In fi_re_ 2(s) anl _(_) the first two

points coincide, while in figure 2(c_ the peak foal fa_tor occurs

after buffeting starts an_betveen points A an_ C.

From the _ata of the type shown in figure _ the a_r_lane an_

win_ llft coefflolents were evaluated for e.number of runs at the

points where %uffetin_ started _ sto_ped as well as at maximum

lift. Xn oomputln_ lif_ coefficient| the lift _e assumed %o be

equal to th, _ormal force, aria fuselage Lni_repeller normal Io_8_
were neglected. The equations used in _etermlnir_ lift _oefficlents
veto:
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vh_re

n

alrplame lift coefficient

vln8 llft coefficient

normal foal factor (measured perpenlicula_ to alr21ane t_t

llne)

_namic pressure, _ per square foot

S vln8 area, equa.re feet

V air?lame weight, pc_

horizontal tail load, l_ounds, as lete_'minel from the strain

_egee and accelerameter recorle

Since the tests of the P'91D as well as other Investigations

(references 3 anl _ anl results of Ames Laboratory tents of the
Bel] P-63A-6 airplane) inlicate %_at the max/mum llf% coefflolen%

le_onis on the _itchlngangular velocity, the maximum lift coef-

ficientl obteined in the ab_upt_ull-u_s _,ere plotte_ versus the

an_le of pltch per chor6 length %rave_el. Thll parameter ie

where

C

V

6t

mean aerodynamic chorl, feet

airs_eel, feet per Jeconl

time rate of chan6e of a_le of attack t radians per second
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_e mrs oF oh&nee of _ oF at_ok db_/kt me 88
&oteru_ne_ fron _ _s_oA rote of chaise of _ t&o_or v_th
fine uA the o¢_tlon

vhore

dCL/_ slo_e of _ft ou_e; :per radlan

(Lu/dLt ttne mte of c_e of 1_ factor

The s)_?e of the 11_ curve 4CL/_ at the vuloue _luee of Mash

nunber _e ob_lned fr_ unpu_lished data frc_ v_nA-tunnol toots
_e at A_I of _he XP-_I &1_lz_o. The Ilo_o of the IoA{.faotor
t_se dlsS_nm _s taken at the ti_e ooz.TooponAtn8 to (_ ohox_L lonothe
1Do_oro 4_henaxl_n_ &coolo_ti_ v_S _oaohe_, _$s oorl'es_o_e &pprox_-
hotel7 to th_ t_e the _ift coefficient lass _he oriole ot attack vhen

ACCU_CY

The eotimted aooum¢¥ in the doter_Lnation oF the pertinent

l_tStl.ltS iS IS fol_iil C_ or CI_ , < 3 peroeut, H_ %0,01_ and

_, _.15 percent.

Those probable orders &rise )_noipal_ from errors in _he
_easuroment of d_na_o proJs_re s _roooure altitude s lo_d factor,
_ In tb ale of lift coefficiente_ in the aostt_ptio_ tha_ the
lift vae oq_l to the nor_l _oroe. _J_the _eto_nat_o_ of
Cd_
f _-_, however; the listed error is attrlblzte_to Cl) _he noceosit_

of uein_ v_n_-tu_el 4a_a fro_ toots ota _ol of the _P-51 for
]_Lf_-ottz'ee llope_ (2) the I_vhat &rbi1:;raz_ se_lot:Lo_t of the
polnt at _hl_h the slopes v_re rea_, an_ (3_ _raphle&l errors in
the 4£fferentiati_procees.
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RESULTS A_ DIS_SSION

The EfTecta of Mach and Reynolds Number on _e

Maxi_Lift Coefflciont

The res_Yta nf a number of abrupt _ull-uDe to the maxinnna

lift coefficient for those cases where _olu%s A and B coincile

(fi_. 2) anl the MesoAlte of gralual stalls are presented in

figure 3. The results sho_n indicate that the airpl,_ne maxinn_

lift coefficient obtained in the abrupt stalls decreases rapidly
as the Math number increases from 0.21 to 0._ vhere a minimum •

point is reached. The maximum lift coefficient then Increases

_Antll a secondary peak is reached at a Mach number of 0._6 after

vhich it a6ain begins to decrease ra_Idly to the limit of the

present tests. The secondary peak in _e maximum lift coefficient

is ch, racterlstic of low dra6 airfoils and is causei by the

broadenln6_ of the upper surface lov-_ressure re6ion_hich offsetj

the reduation in %he ne_atlve pressure peak as the Mach number
Increa_e_. As the Mach numSer increases further the decrease in

the ne6ative pressure peak m_re than accounts for the _roadenlng

up_e_ su_Tace pressure and the maximum llft coefflclen_ a_ain

be61ns to decrease. It can also be seen from figure 3 that

altituae, and therefore Reynolls number, has no apparent effect c_
the mJximum llft coefficient obtalned in abrupt stalls within the

limits of the data o_tained. This result has _iso been shown In

reference _ for the P-_TO airplane an_ in the results of Ames

Laboratory tests of the P'63A airplane. In the c_ve of figure 3

_t is also seen that the _ensrsl trend for the gradual stalls is

_imilar _o _mt for the a%n_pt stalls vith th_ minimum and peak

maximum lift cocfTicients occurrin8 at similar Mach numbers.

A comparison of the results obtained in _:e abrupt stalls
vlth slmilaA- results o_alned vlth a P 63A alr_la_e (fig. _)

qualitatively Ind/cates the same sort of variati_ for the t_v

cases. The differenc®s noted be%veen the two cases may be

ascribed to the fact that, a1_hou_ both vln$_ are of the low
dra_ type, the se_,tlons are dissimilar; those on the P-63 bein_
obtained from the NACA 66 eerles of airfoils while those of the

_-51D are a North Amerlcan-NACA cc_promi_e section. It is to be
noted, alto, that the abrupt pull-ups for the P-63 were _ot carried

sufficiently far to indicate ar_vminimtr_ point in the CLA curve.

Con_arison betvoen results of _radual stalls of a P'513 (reference 6)
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a_ t_se of the P-51D (fSg. _) show ralr a_reement throu_out.
Whatever Alfferences exist _ay be attribute_ to the fact that the

two airplanes have a sli_htl_ _ifferent configuration.

Zffect of Mach Number on the _uffetlr_9oundaz7

Flsure _ Is an extension of the results given In figure 3 to
Inclule those pull-ups where buffeting preventel _he attainment of

2(c) traced out bytrue wxlmumlift. (See fls. .) The pull-up

t_e curve A, 3, C illustrates the manner of variation of lift

coefflcten_ vtthMachnumbsr_tained tn a typical highMach
number pull-cut.

7romaMach number of 0._i to 0.6_ the buffeting boundary Is

lefine_by the actual limit maxlmum llft coefficient as obtained

in abrup_ _ull°ups of the airplane. Above a Mach numbe_ of 0.6_,

however s the _uffeting lift coefficients are below the maximum

lift coefficients. It is seen from figure 5 that the lift

coefficient at which _uffeting either starts or stops decreases
rapidl_ wlthMach number and that at e Hech number of a_out 0.83

buffetlnsvouli occur even at zero lift. The implication of the

results of fisure _, insofar as they s_eClfical_v appl_ to the

P-51D airplane, is given in figure 6 where the lift capabilities

of the P-51D are shown for seveml altl_udee. The portions of the

curves bel0w M - 0._ were established from the solid part of

the c,A_ve in fi6_re _ and the portions above M • 0.6_ yore

established frc_ the do_teA part of the curve. Zt Is seen that
at _0_000 feet the airplane would _e capable of only the mildest
maneuvers ar_ that even at 1 g _uffetlng would occur at M • 0.79.

Xt ms_ also be seen fromf1_ure 5 that the llft coefficients

where buffetin8 starts and stops a_parently define a single curve

in the region frc_ H = 0.6_ to H - 0.80. Yn the CLmax region

(solid curve) the llft coefflc_ent where buffeting stops lles below

the point where it initially started. An indlcat_on of this result

may _e o_tained from figure 2(b). Nowsver, in this ran_, the llft

coefficient where buffetir_stoppei depended u_cn the rate of charge

of ansle of attack, and_ in 8oneral, eee_ed to be lower than the
gradual stall line.

Several _apers have _resented charts by whioh the low-speed

negative pressure coefficients may be exlmndel to account for

effects of compressibility. In general, such charts when usel to
expand e_ch pressure point ales8 the air, oil _an be made to yiel_ a
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variation of a oritlcal lift coefficient with Math n_er; the

vor_ 'Lcritical," then, belr_ associatel with the attain"st of the

velocit_ of sound over scao pestles of the airfoil. In 8sneral,

flight observations as yell as wind-tuzmel ex_erience have not

Inlicated serious effects _hen the local velocity of eo_ is firs_

reached. Therefore, curves of critical llft verffizs M vauld be

ex_ecte_ to lie yell belov the curve shown in fi_e _ and eoul_

on_ serve as a ro_ _zide _o the buffeting limit. _he che_'ts of
reference _ make possible a _re_icti_ of the Inu_feting limit rather
than a critical lift coefficient.

The cha_ts of reference 5 have been a_pllel to ex_az_ the

theoretical pressure listri_utlone over the mean aerodynamic ohoz_

settles of the P-_ID in crier _o ob_aln the variation of the li_it

llft or b_fetin_ lift coefficient vith Hach number. ¥i_re 7

illustrates the agreement between the _esults calculated in this

manner az_ the e_erimen_al rss_Its of fixate _. Zt can _o aeon

that altho_h the coml_uted limit lift curve follo_s the trend c_

the measured results it is not as close as would be 6ssi_e_L fen

__uantitatlve _ur_oees •

Effect of _n_lar Velocity on Maximum Lift ¢oefficien_

Fi_ve 8 shove the results of _he effect of rate of cha_e of

angle of attack on the maxi_ lift coefficient for the P-_ID aiz_lan_,

in abznz_t stalls , at fc,Ar _ee_ Math n_mbers. The values of _e

_ax_mu_ l_ft coefficlent fez" zero an_Ala_ velocity were taken from

the _a_ line for the @ralual stalls : The lines _f' consUl-st G_a x

sho_n in the fiXAte for the four mean Mach numbers were taken f_c_

the mea_ line through the test points, _iven in fis_re 3, fo_ the

abrupt stalls.

_-_ r_eFigure 8 _cates that _ou_out the Na_h n_be_ a_ v _t

coy.tel in the P-_I_ test. the varlat_o_ of maxi_ lift coei_ielent

_ is relatlvel_
_Ath the angle of _itch per choral lensth _ravele_ V _t

constant. This is in a_'ee_ent vAth results of _nes Laboratory _este
of P-63A-6 a_rplane i_ _nich it _ae _e_n that the maxin_a li_t coof-

ficlent Increases almost linearly _i_h ansular velocity until a

limltin_ value of the aaxi_n_n llft coefficient is reached _ich Is

_naffected by f_rther increases in az_ar velocity.
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